Detection of saturated absorption spectroscopy 
at high sensitivity with displaced crossovers 
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We present an unconventional experimental approach for detecting the saturated absorption spectroscopy. 
Using this approach, crossover peaks are displaced, leaving out peaks corresponding to atom's natural resonant 
frequencies. Sensitivity of detection could also be enhanced. Consequently the spectrum could reflect energy 
structure of atoms more explicitly. Without harmful influence from crossovers, locking range of the error signal 
is significantly increased and symmetry of the dispersion line shape is perfectly reserved, so reliability of 
frequency stabilization could be improved. © 2011 Optical Society of America 
OCIS codes: 300.6210, 300.6260, 020.2930, 140.3425. 



Saturated absorption spectroscopy (SAS) is a widely 
used technique in laser frequency stabilization and 
atomic physics [1-4]. Crossovers in such spectrum refer 
to extra peaks in the middle of those indicating atom's 
natural resonant frequencies. They are useful under cer- 
tain circumstances [5] but can also be undesired in other 
cases. For instance, in an optical pumped cesium beam 
frequency standard, the pumping laser is stabilized on 
the SAS of F = 4 F' transitions of 133 Cs D 2 hyperfine 
structure. The transition of F = 4 — >• F' = 4 is the most 
suitable for obtaining an optimal pumping efficiency [6] , 
but it is near to the crossover of the F = 4 — )• F' = 3 
and the F = 4 — >• F' = 5 transitions, with a separation 
of about only 25MHz [7,8]. This fact brings negative in- 
fluence for laser frequency stabilization. In general, the 
smaller energy splitting between upper levels is, the more 
obvious influence of crossovers is. 

In this Letter, we demonstrate a method to avoid the 
influence of crossovers on spectrum detection and fre- 
quency stabilization. We use diode lasers at 780nm to 
excite F = 2 — >> F' transitions of 85 Rb D 2 hyperfine 
structure as an example. Crossovers are displaced from 
their original position to prevent them from overlapping 
with peaks which indicate atom's natural resonant fre- 
quencies. At the same time more atoms contribute to the 
amplitude of these peaks. So the spectrum could show 
energy structure of atom more directly and distinctly in 
comparison with conventional SAS. Furthermore, error 
signals obtained from such spectrum have larger locking 
range and preserve better symmetry of the dispersion 
line shape. Usage of these error signals could make laser 
frequency stabilization more reliable. 

To illustrate the displacement of crossovers in our ex- 
periment, we can use a simple model of atom including 
only two excited states corresponding to resonant fre- 
quencies v\ and V2 respectively (FIG. 1(a)). The pump 
beam and the probe beam pass through the absorbing 
sample (vapor cell) in opposite directions, we take direc- 
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Fig. 1. How to move crossovers. v pro be — {v\-\-V2)/2. PD, 
photodiode. (a) Experimental setup, (b) Appearance of 
crossover in conventional SAS. (c) Removal of crossover. 



tion of the probe beam as reference direction. 

Peak of crossover appears right at the middle of v\ 
and V2 in the spectrum. Due to Doppler effect, when the 
probe beam is tuned at frequency v vro be — {y\ + ^2)/2 
(FIG. 1(b), (c)), it employs atoms with velocity class 
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to resonate with ^2? where Au = 1/2 — vi- 
lli a conventional SAS (FIG. 1(b)), the pump beam 
and the probe beam come from the same laser, so they 
always have the same frequency. When the probe beam 
is tuned at v pro be = (^1 + ^2)/2, the pump beam is at 
this frequency, too. It employs atoms with velocity class 
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to resonate with v\ and atoms with velocity class 
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to resonate with 1/2. Atoms with velocity classes of ±A • 
Ai//2 which are used by the probe beam are also used 
by the pump beam, so a peak of crossover appears. 

In our approach (FIG. 1(c)), two diode lasers are used 
to serve as the probe beam and the pump beam inde- 
pendently and frequency of the pump beam is stabilized. 
They don't always have the same frequency any more. 
For example, if v\ < Vp U mp < (yi + 2^2 )/2 = v 'probe, the 
pump beam employs atoms with velocity class 
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to resonate with v\ and atoms with velocity class 

i = —^(Vpump — v 2) > A—— = V z i iPro be (6) 



to resonate with V2. Atoms used by the probe beam are 
not used by the pump beam any more, this time when 
the probe beam is tuned at (y\ + ^)/2, no peak will 
appear at this frequency. In fact, there are still 3 satu- 
rated absorption peaks on the probe spectrum, but they 
appear at different positions, and they are much more 
distant from each other (detailed discussion will be pre- 
sented later). In other words, crossover is displaced. 
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Fig. 2. Setup of our experiment. ISO, isolator; ATT, at- 
tenuator; HWP, half- wave plate; PBS, polarizing beam 
splitter; PD, photodiode. 

In our experiment (FIG. 2), frequency of the pump 
beam is stabilized on the peak of F = 2 — >• F' = 3 
transition of 85 Rb D2 hyperfine structure which is only 
little affected by crossovers (the rightmost peak in FIG. 
3(a)) using a conventional SAS. Frequency of the probe 
beam is scanned to get its absorption spectrum. Since 
the pump laser is stabilized using conventional SAS, this 
method relies on the stability of not only the probe laser, 
but also the pump laser. Incident powers into the vapor 
cell are 0.4/iW for the probe beam and ASfiW for the 
pump beam. Diameters of the two beams are both ap- 
proximately 1cm. Spectrum of the F = 2 —> F' transi- 
tions and error signals obtained from the spectrum are 



presented in FIG. 3. To make a comparison, we present 
both results obtained from conventional SAS - spectrum 
(FIG. 3(a)) and its error signals (FIG. 3(b)) and results 
obtained from our method - spectrum (FIG. 3(c)) and its 
error signals (FIG. 3(d)). In our experiment, crossovers 
don't appear on their original places as previous analysis. 
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Fig. 3. Experimental results, (a) Conventional SAS. 
CO (1,2) is short for crossover of F = 2 — >• F' = 1 and 
F = 2 — >• F' = 2. (b) Corresponding error signals of con- 
ventional SAS in (a), (c) Spectrum of our experiment, 
(d) Corresponding error signals of our spectrum in(c). 
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Fig. 4. Velocity classes of atoms employed by two beams. 
Dashed lines represent velocity classes of atoms em- 
ployed by the probe beam and solid lines represent those 
of the pump beam, (a) Conventional SAS. (b) Our ex- 
periment, as its frequency is stabilized, the pump beam 
employs atoms of three fixed velocities. 

Quality of the spectrum is significantly improved. For 
example, in a conventional SAS, the peak of F = 2 — >> 
F' = 1 transition (the leftmost one in FIG. 3(a)) usually 
looks far more weak than others [7]. Two reasons lead 
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to this phenomenon. The first reason is that this peak 
overlaps with the crossover of F = 2 — >> F' = 1 and 
F = 2^ F' = 2 (the second one in FIG. 3(a), CO(l,2)). 
The second reason is that transition probability for this 
transition is relatively smaller. With our method this 
problem could be overcame due to the following reasons. 

First, the overlap is prevented because there is no 
crossover in the vicinity of this peak. We can use v a , z/& 
and v c to represent the three natural resonant frequen- 
cies in F = 2 F' transitions and plot velocity classes 
of the atoms employed in FIG. 4. Dashed lines repre- 
sent velocity classes of atoms employed by the probe 
beam and solid lines represent those of the pump beam. 
The probe beam employs atoms with velocity classes of 
v z ,probe — ^(^probe — ^a,6,c) either in conventional SAS or 
in our experiment. The pump beam employs atoms with 
velocity classes of v ZiPump = -A(i/ pump - v a ,b,c) in con- 
ventional SAS (FIG. 4(a)), but because its frequency is 
fixed to v c in our experiment, only three velocity classes 
(corresponding to states with F' = 1, 2, 3) of atoms could 
be excited (FIG. 4(b)). In FIG. 4(a), solid lines and 
dashed lines have opposite slope because the pump and 
the probe beam have opposite directions and always the 
same frequency. Wherever these two types of lines having 
different intercept on the v axis 'cross over' each other, 
in other words, when two beams having different reso- 
nant frequencies use atoms with the same velocity class, 
crossover appears. However, In FIG. 4(b) frequency of 
the pump beam is stabilized so solid lines become hori- 
zontal, which lead to the displacement of crossovers from 
their original place to the left of the spectrum. 

Second, more atoms are employed to enhance the sen- 
sitivity of detection. When v pr obe — v ai m FIG. 4(b), the 
pump beam and the probe beam both use atoms with 
v z = as well as 

v z -A(z/ C - v a ) 93MHz ~ -73m • s" 1 , (7) 

where 93MHz is the separation between F' = 1 and F' = 
3 [6]. However in FIG. 4(a) only atoms with v z = 
are used. So roughly twice as many atoms contribute to 
the peak, compensating the relatively small transition 
probability. Additionally, v c — v a is the energy splitting of 
the upper level, the smaller it is, the more likely overlaps 
with crossovers take place in conventional SAS. But at 
the same time smaller splitting leads to smaller velocity 
in Eq. (7). According to Maxwell velocity distribution, 
when this velocity is smaller, larger quantity of extra 
available atoms or larger signal could be attained. 

Mechanisms discussed above displace peaks of 
crossovers and enhance peaks which indicate atom's nat- 
ural resonant frequencies, making the spectrum able to 
show atom's energy structure directly and distinctly. 

Quality of the error signals is also improved. In con- 
ventional SAS, three crossovers lead to partial overlaps 
of the six peaks, consequently locking range of each dis- 
persion line shape is diminished and symmetry of disper- 
sion line shape is destroyed. In our experiment, first the 
locking range of every dispersion line shape is consider- 



ably enlarged (FIG. 3(b), (d)), especially the first two 
in FIG. 3(d) which once seriously suffered from overlaps 
with crossovers in conventional SAS. But merely this is 
not quite enough to make better reliability of frequency 
stabilization. The locking range can be efficiently used 
without waste only if symmetry of the line shape is guar- 
anteed, and this is just our second improvement (FIG. 
3(d)). 

In conclusion, we demonstrated an approach for de- 
tecting SAS different from conventional scheme. We use 
two independent diode lasers as the pump beam and 
the probe beam to move crossovers and to enhance the 
sensitivity. The spectrum shows energy levels of atom 
more explicitly in comparison with conventional SAS, 
making it helpful for observing peaks usually overlapped 
with crossovers or peaks corresponding to relatively weak 
transitions. So this method could be seem as an exper- 
imental aid to discover weak transitions submerged in 
crossovers and to observe incompletely analyzed atoms. 
Conventional SAS is used to stabilize the pump laser, 
so usage of this spectrum and corresponding error signal 
couldn't lead to better frequency stability than conven- 
tional SAS. Fortunately the quality improved error sig- 
nals could provide larger locking range and symmetry of 
dispersion line shape, which would significantly enhance 
the robustness of frequency stabilization. 
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